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Revival of Quantum Interference by Modulating the Biphotons
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Center for Quantum Technology, Hsinchu 30013, Taiwan
The possibility to manipulate the wavepackets of single photons or biphotons has enriched quan-
tum optics and quantum information science, with examples ranging from faithful quantum-state
mapping and high-efficiency quantum memory to the purification of single photons. Here we demon-
strate another fascinating use of wavepacket manipulation on restoring quantum interference. By
modulating the photons’ temporal wavepacket, we observe the revival of post-selected entanglement
that would otherwise be degraded or lost due to poor quantum interference. Our study shows that
the amount of the restored entanglement is only limited by the forms of modulation and can achieve
full recovery if the modulation function is properly designed. Our work has potential applications
in long-distance quantum communication and linear optical quantum computation, particularly for
quantum repeaters and large cluster states.
PACS numbers: 03.67.Bg, 42.65.Lm, 42.50.Dv
Introduction. Quantum optics and quantum informa-
tion science are enriched by the possibility to manip-
ulate the wavepackets of single photons or biphotons.
For example, by controlling the waveform of a quan-
tum wavepacket [1], faithful quantum-state mapping be-
tween quantum nodes is conceivable [2], the storage ef-
ficiency of single photons in atomic ensembles can ap-
proach unity [3, 4], and the purity of single photons can
be increased [5]. Likewise, if the phases across the quan-
tum wavepacket are manipulated, one can hide single
photons in a noisy environment [6]; photon pairs can also
behave like fermions [7]. With these fascinating oppor-
tunities present, it is noteworthy that many of them can
be realized with temporally long single photons or bipho-
tons from atomic ensembles [8, 9], resonant spontaneous
parametric down-conversion [10–14], or cavity quantum
electrodynamics [15–18].
In this Letter we demonstrate another fascinating use
of wavepacket manipulation: by modulating the bipho-
tons’ wavepacket, we restore the quantum interference
and post-selected entanglement that would otherwise be
destroyed by the photons’ distinguishability. Quantum
interference and entanglement, apart from the fundamen-
tal interest, are at the heart of photonic quantum tech-
nologies with examples ranging from quantum commu-
nication [19–23] and quantum computation [24] to quan-
tum random number generation [25, 26]. In particular,
the storage of entanglement in quantum memories plays
a critical role in long-distance quantum communication
to implement the quantum repeater [22] and in linear
optical quantum computation to generate large cluster
states [27], where temporally long biphotons with subnat-
ural linewidth are favorable for achieving the optimal per-
formance. To generate entanglement, two-photon inter-
ference [28, 29] has been the workhorse in many quantum
optics experiments and applications [30–32]. By sending
non-polarization-entangled biphotons (for example, from
parametric down-conversion) onto a beam splitter, one
may entangle the photons exiting through different ports
in the polarization degree of freedom. However, if the
frequencies of the biphotons are dissimilar, the interfer-
ence visibility diminishes; the entanglement then declines
or even disappears. Here we report the unexpected find-
ing of restoring the lost two-photon interference as well
as the resulting entanglement and nonlocality by mod-
ulating the biphotons’ temporal wavepacket. Our study
shows that the amount of restored entanglement is only
limited by the forms of modulation and can achieve full
recovery if the modulation function is properly designed.
Entangled photons with controllable waveforms.
Fig. 1(a) illustrates the experimental setup for demon-
strating the revival of quantum interference and
entanglement. Biphotons are first generated by doubly
resonant parametric down-conversion in a monolithic
KTP crystal [14, 33, 47], with a temporally long
wavepacket [Fig. 1(b)] allowing the arbitrary shaping of
the waveforms. The orthogonally polarized photon pairs
are then entangled in the polarization degree of freedom
by selecting pairs exiting through different ports of the
beamsplitter. The frequency difference of the biphotons,
which can be tuned via the phase-matching condition
by adjusting the pump frequency and crystal temper-
ature, determines the distinguishability in two-photon
interference as well as the degree of entanglement.
This is manifested in Fig. 1(c), where the coincidence
counts in the Hong-Ou-Mandel interferometry [33, 48]–
an indication of the distinguishability–increases with
the frequency difference. When the biphotons are
degenerate, the indistinguishability in the two-photon
interference through the beamsplitter results in the
polarization-entangled state (|H〉a |V 〉b + |V 〉a |H〉b)/
√
2
with a and b denoting the ports each photon exits. To
precisely control the frequency difference, time-resolved
two-photon interference as in Fig. 1(d) is carried out to
measure the beat frequency [33]. In the case of degener-
ate biphotons, the beat vanishes and the real part of the
2>&ƌĞƋƵĞŶĐǇ>ŽĐŬ
WW<dW ^ KD
ŽŝŶĐŝĚĞŶĐĞ
ŽƵŶƚĞƌ^,'
^WD
^WD
&ƵŶĐƚŝŽŶ
'ĞŶĞƌĂƚŽƌWŽů͘
ʄͬϮ
ʄͬϰ



++
+9
9+
99 ++
+9
9+
99
    





&R
LQF
LGH
QF
H5
DWH
V
 
)UHTXHQF\'LIIHUHQFH0+]
    




&R
LQF
LGH
QF
H&
RX
QWV
7LPH'HOD\QV
    


 
&R
LQF
LGH
QF
H5
DWH
V
 
7LPH'HOD\QV
;ĂͿ
;ďͿ ;ĚͿ
;ĞͿ;ĐͿ
FIG. 1: (color online) (a) Schematic of the experimental
setup. ECDL: external cavity diode laser, SHG: second har-
monic generation, BS: beamsplitter, Pol.: polarizers, λ/2:
half-wave plates, λ/4: quarter-wave plates, EOM: electro-
optic modulators, SPCM: single-photon counting modules.
(b) The temporal wavepacket of the biphotons is a double
exponential with exponential time constants of 21 and 24 ns.
(c) Hong-Ou-Mandel interference shows the distinguishability
increasing with the frequency difference of the biphotons. (d)
Time-resolved two-photon interference is exploited to measure
the frequency difference of the biphoton. In this figure, the
frequencies of the photon pair are differed by 43 MHz, result-
ing in a beat at the same frequency. (e) The tomographic re-
construction of the density matrix for polarization-entangled
photons at degeneracy.
density matrix ρ reconstructed by the quantum state
tomography is shown in Fig. 1(e).
Characterization of entanglement. To characterize the
entanglement, we exploit the concurrence [49] as the mea-
sure. More specifically, we obtain the square root of the
eigenvalues of ρ(σy ⊗ σy)ρ∗(σy ⊗ σy) in descending or-
der,
{√
λ1,
√
λ2,
√
λ3,
√
λ4
}
. The concurrence is then
calculated by C = max(0,
√
λ1 −
√
λ2 −
√
λ3 −
√
λ4)
with values ranging from 0 for non-entangled states to 1
for maximally entangled states. Using this entanglement
measure, the density matrix of degenerate biphotons in
Fig. 1(e) gives C = 0.71 with a purity Tr[ρ2] = 0.81,
thus verifying the presence of polarization entanglement.
Figs. 2(a) and (b) show the tomographic reconstruction
of the density matrices for nondegenerate biphotons with
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FIG. 2: (color online) The density matrices at frequency dif-
ferences of (a) 50 MHz and (b) 100 MHz show the loss of co-
herence and entanglement. The density matrices at frequency
differences of (c) 50 MHz and (d) 100 MHz show the recovery
of coherence and entanglement after shaping the wavepackets
as in (e) and (f), respectively.
a frequency difference of 50 and 100 MHz, respectively.
For both frequency differences, the concurrence and the
purity are 0 and 0.45, respectively. Thus, as the fre-
quency difference increases, the concurrence and the de-
gree of entanglement declines rapidly. Similar decline
of entanglement can also be observed in the violation of
the Clauser-Horne-Shimony-Holt (CHSH) inequality [50],
|S| ≤ 2, which places constraints on the value S of a
combination of four polarization correlation probabilities
analyzed by two possible settings for each photon. If
the CHSH inequality is violated, quantum entanglement
is necessary to explain the correlations or nonlocality.
Fig. 3(a) shows the measured S [33] at frequency differ-
ences of 0, 10, 20, 40, 60, 80, and 100 MHz with the
coincidence window varied from 0 to 100 ns. At degen-
eracy (red curve), the CHSH inequality is violated and
nonlocality is observed no matter how large the coinci-
dence window is. However, when the frequency difference
increases, it requires a smaller coincidence window and
thus higher indistinguishability in the two-photon inter-
ference to violate the CHSH inequality and observe the
nonlocality.
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FIG. 3: (color online) (a) The CHSH inequality |S| ≤ 2 re-
quires shorter coincidence windows to be violated when the
frequency difference of the biphoton increases. (b) If the tem-
poral wavepacket is modulated, the inequality with nondegen-
erate biphotons can be violated at larger coincidence windows.
Revival of entanglement and nonlocality. Surprisingly,
the lost entanglement or nonlocality can be restored by
shaping the biphotons. To demonstrate this aspect, we
modulate each photon of the pair synchronously with
electro-optic modulator at half of the frequency difference
of the pair so that the biphoton wavepacket is modulated
by the convolution of these modulation functions at the
frequency of pair’s frequency difference. Fig. 2(e) shows
the wavepacket of biphotons, which has a frequency dif-
ference of 50 MHz and is modulated with a triangular
function at the same frequency. By tomographically re-
constructing the density matrix in Fig. 2(c), we observe
the increase in both the concurrence C = 0.28 and pu-
rity Tr[ρ2] = 0.5, thus manifesting the revival of entan-
glement.
The biphoton modulation, as implied by the nonclas-
sical time correlation of the biphotons, is equivalent to
modulating one photon of the pair conditionally (on the
detection of another photon) by the convolution of mod-
ulation functions. It is thus possible to observe the re-
vival of entanglement by modulating one photon of the
pair. To demonstrate this nonclassical effect, we pre-
pare biphotons with a frequency difference of 100 MHz
and modulate the signal photons conditionally [33] with
a cosinusoidal function at 100 MHz [Fig. 2(f)]. The den-
sity matrix in such an instance is shown in Fig. 2(d). The
concurrence C = 0.32 and purity Tr[ρ2] = 0.5 both in-
crease compared to those of the unmodulated biphotons.
In Fig. 3(b) we also examine the violation of the CHSH
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FIG. 4: (a) The fidelity of the two-photon wavefunctions con-
tributing to quantum interference is reduced by the frequency
difference (solid curve) but can be recovered by modulating
the biphotons. (b) The entanglement, quantified here by con-
currence, is lost at large frequency differences (solid curve).
However, if the biphoton or single photon is modulated, the
entanglement remains at large frequency difference. (c) The
purity of the entangled state also increases. (d) The mea-
sured concurrence (solid squares, triangle and circle) is in
good agreement with the calculated concurrence (curves) by
taking into account the asymmetry in wavepacket, accidental
coincidence, the nonideal split ratio of the beamsplitter and
the imperfect preparation of measurement bases.
inequality when the wavepacket is modulated. Compared
to the unmodulated cases in Fig. 3(a), the inequality with
nondegenerate biphotons can now be violated at larger
coincidence windows. For example, the inequality with
a frequency difference of 20 MHz (yellow curve), which
would not be violated previously for coincidence windows
larger than 19 ns, is violated all the way up to 100 ns.
The nonlocality of the entangled photons is thus restored
by shaping the wavepacket.
Why it works? The revival of quantum interference,
entanglement, or nonlocality by shaping the photons’
wavepacket can be understood in the following ways.
From the time-domain point of view, the modulation at
the frequency of biphoton’s frequency difference ensures
a constant phase between the two-photon states in two-
photon interference. From the frequency-domain point
of view, the modulation at the frequency of biphoton’s
frequency difference generates signal (or idler) photons
at the carrier frequency or sidebands of the idler (or sig-
nal) photons. In both viewpoints, the indistinguishabil-
ity in two-photon interference increases as a consequence
of modulation, thus improving the quality of entangle-
ment and the ability to observe nonlocality. This can
be seen in Fig. 4(a), where we calculate the fidelity of
two-photon wavefunctions contributing to the quantum
interference. Without the modulation, the fidelity (and
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FIG. 5: Compared to the CHSH inequality with unmodulated
wavepacket in (a), the inequality with modulated wavepacket
in (b) (left panel) can be violated with a longer coincidence
window at larger frequency difference. The calculation con-
siders the imperfection in experiment, including the acciden-
tal coincidence. In the absence of experimental imperfection,
the violation in (b) (right panel) is independent of the size of
coincidence window when the wavepacket is modulated.
therefore the interference visibility) decreases with the
frequency difference. If the biphotons are modulated by
properly designed functions (details of various functions
are given below), the fidelity is recovered for all frequency
differences.
More rigorously, we consider the following quantum
state,
|ψ〉 = 1√
2
∫ ∫
dtdτ [φHV (τ)aˆ
†
1H(t)aˆ
†
2V (t+ τ) + (1)
ei∆ωτφV H(τ)aˆ
†
1V (t)aˆ
†
2H(t+ τ)]e
i[ωst+ωi(t+τ)] |0〉 ,
where φHV (τ) and φV H(τ) are the two-photon wavefunc-
tions, aˆ†ij(t) = mi(t)aˆ
†
ij,0(t) (aˆ
†
ij,0(t)) is the creation op-
erator of the j -polarized photon at ith port after (be-
fore) the amplitude modulation mi(t), and ∆ω/2pi =
(ωs − ωi)/2pi is the frequency difference of the bipho-
ton. In our experiment, φHV (τ) = φV H(−τ) = e−|τ |/2τ0
for the nondegenerate biphotons exiting through dif-
ferent ports of the beam splitter. Taking mi(t) = 1
(no modulation), we see that the coherence ζ(∆ω) =
(1/4τ0)
∫∞
−∞
e−|τ |/τ0e−i∆ωτdτ = 1/2(1 + θ2) with θ =
∆ωτ0 in the density matrix,
ρ =


0 0 0 0
0 1/2 ζ(∆ω) 0
0 ζ(∆ω) 1/2 0
0 0 0 0

 , (2)
is gradually lost as the frequency distinguishability in-
creases. When ∆ω ≫ τ−10 , the coherence as well as the
concurrence C = 2ζ(∆ω) [solid curve in Fig. 4(b)] van-
ishes; the entanglement does not exist anymore. How-
ever, if we modulate the signal and idler photons by
synchronized square-wave functions |mi(t)|2 = |S(t)|2
(the biphoton wavepacket is accordingly modulated
by triangular function M(τ) = (1/T )
∫ T
0 |S(t)|2|S(t +
τ)|2dt at twice the frequency with the modulation
period denoted by T ), the coherence ζ(∆ω) =∫∞
−∞M(τ)e
−|τ |/τ0e−i∆ωτdτ/[2
∫∞
−∞M(τ)e
−|τ |/τ0dτ ] =
(pix − θ + pixθ2 + θ3)/[2x(pi − xθ)(1 + θ2)2] with x =
tanh(pi/2θ), which peaks at the modulation frequency
of ∆ω/2pi, remains finite even if ∆ω ≫ τ−10 . The
concurrence [dot curve in Fig. 4(b)] and thus the en-
tanglement are restored at large frequency differences.
The corresponding change of the purity is also shown
in Fig. 4(c). In the case where one photon is condi-
tionally modulated (or the biphoton wavepacket is mod-
ulated) by a cosinusoidal function (1 + ei∆ωτ )/2, both
the coherence ζ(∆ω) = (2 + 7θ2 + 2θ4)/2(2 + θ2)(1 +
4θ2) and concurrence [dash-dot curve in Fig. 4(b)] sur-
vive at large frequency difference as well; the entan-
glement is restored again. We note that the concur-
rence at large frequency differences of ∼100 MHz does
not place a limitation on the entanglement restored by
shaping the biphotons. The amount of entanglement
that can be restored depends on the modulation func-
tion used. For example, if the biphotons are modulated
by periodic sinc2 function
∫∞
−∞
|m(t)|2|m(t, τ)|2dt =
|(1/s)∑sn=1 exp(in∆ωτ)|2 with s = 100 (which reduces
to the cosinusoidal function if s = 2), the entanglement
can be restored nearly to its quality at degeneracy [dash
curve in Fig. 4(b)].
In Fig. 4(d) we calculate the concurrence before (solid
curve) and after the photons are shaped by the triangular
(dot curve) and cosinusoidal (dash-dot curve) functions
while taking into account the asymmetry of the double
exponential waveform in the biphoton wavepacket, the
accidental coincidence, the beamsplitter with split ratio
deviated from 50:50, and the imperfect preparation of
measurement bases in our experiments. Compared to
the experimental data (solid squares, triangle, and cir-
cle), the calculated concurrences are all in good agree-
ment. In Figs. 5(a) and 5(b) (left panel) we calculate the
S-value to examine the violation CHSH inequality be-
fore and after modulating the wavepacket, respectively,
by considering the imperfection in experiment. They are
also in good agreement with the measurements in Fig. 3.
We note that the decrease of S at large coincidence win-
dows is mainly due to the accidental coincidence. As
shown in Fig. 5(b) (right panel), where the experimen-
tal imperfection is assumed to be absent, the observation
of nonlocality is independent of the size of coincidence
window when the wavepacket is modulated.
5Conclusion. In summary, by modulating the bipho-
ton’s temporal wavepacket, we have observed the re-
vival of quantum interference, entanglement and non-
locality that would otherwise be degraded or lost due
to the frequency distinguishability of biphotons. Our
study also shows that the amount of restored entangle-
ment is only limited by the forms of modulation and can
achieve full recovery if the modulation function is prop-
erly designed. Quantum entanglement is at the heart of
many photonic quantum technologies [19–21, 24]. The
storage of entanglement in quantum memories, which
requires narrowband biphotons, is particularly impor-
tant for realizing quantum repeaters [22] or large cluster
states [27]. Our work thus has potential applications for
long-distance quantum communication and linear optical
quantum computation. We note that the method present
here may also be applied to restore the two-photon in-
terference between independent nondegenerate photons,
which can be seen by replacing the biphoton wavefunc-
tion in Eq. (1) with the product of single-photon wave-
functions. The distinction between restoring the quan-
tum interferences of single photons and biphotons is that
the former necessitates well-defined time origin for the
modulation while the latter does not.
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